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(57) ABSTRACT 

A process for making a pervious concrete comprising a 
geopolymeriZed poZZolanic ash. Generally, the process 
includes mixing a solid aggregate and a geopolymeriZed poZ 
Zolanic ash binder together to form a pervious concrete mix 
ture. Some examples of suitable aggregates comprise 
recycled carpet, recycled cement, and aggregates of coal 
combustion byproducts. The geopolymeriZed poZZolanic ash 
binder is made by combining a poZZolanic ash, such as ?y ash, 
With a suf?cient amount of an alkaline activator and Water to 
initiate a geopolymeriZation reaction. The activator solution 
may contain an alkali metal hydroxide, carbonate, silicate, 
aluminate, or mixtures thereof. In some aspects, the ?nal 
concrete forms a solid mass in the form of pavement or a 
pre-cast concrete shape. The solid mass of concrete may have 
a void content of between about 5% and about 35%. 
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PERVIOUS CONCRETE COMPRISINGA 
GEOPOLYMERIZED POZZOLANIC ASH 

BINDER 

CROSS-REFERENCE TO RELATED 
APPLICATION 

This application claims the bene?t of US. Provisional 
Application No. 61/095,542, ?led Sep. 9, 2008, entitled “Fly 
Ash Concrete for Pavement Applications” the entire disclo 
sure of Which is hereby incorporated by reference. 

FIELD OF THE INVENTION 

This invention relates to concrete suitable for use in a 
variety of applications. More speci?cally this invention 
relates to a pervious concrete comprising a course aggregate 
and a geopolymeriZed poZZolanic ash binder. The concrete 
may be formulated for use in pervious pavement as Well as in 
pre-cast concrete shapes. The described concrete may be 
made entirely from recycled materials. 

BACKGROUND OF THE INVENTION 

Fly ash, bark ash, spray dryer ash, bottom ash, bottom slag, 
boiler slag, and other poZZolanic ashes are typically produced 
as Waste byproducts from certain combustion or chemical 
processes. Most of these poZZolanic ashes are disposed of in 
land?lls or similar large Waste-containment facilities. 
Increasingly, hoWever, some poZZolanic ashes are being used 
as a partial replacement for Portland cement in concrete mix 
tures. By Way of example, While Table 1 shoWs the majority of 
the 71 million tons of ?y ash produced in the United States in 
2004 Was treated as Waste and disposed of in land?lls or 
surface impoundments, Table 1 also shoWs that approxi 
mately 40% of the ?y ash Was recycled into various applica 
tions. Speci?cally, Table 1 shoWs that the largest amount of 
the recycled ?y ash Was used as a partial replacement for 
Portland cement in concrete and grout. 

TABLE 1 

Fate of ?y ash from coal combustion in the United States in 2004 

Fate Millions of tons % 

Land?ll disposal 42.7 60 
Concrete/ grout 14.5 20 
Structural ?lls 4.7 6.6 
Waste stabilization 2.4 3.4 
Mining applications 1.1 1.5 
RaW feed for cement kiln 2.3 3.2 
Road base/sub-base 0.7 1.0 
FloWable ?ll 0.8 1.1 
Other 1.8 2.5 

Total 71 100 

Recent goals, set by several ?y-ash-producing industries 
and the federal government, seek for increased use of ?y ash 
(e. g., 50% utiliZation of ?y ash by 201 1) and other poZZolanic 
ashes. HoWever, under certain current methods, concrete 
requires Portland cement as a cementitious binder and the 
amount of ?y ash that can be used in the concrete is often 
limited. 
One of the main reasons that only a small amount of ?y ash 

is suitable for use as a concrete additive is that ?y ash, Which 
contains carbon, may absorb costly air-entraining agents 
(AEAs), Which are added to concrete in order to improve its 
Workability and resistance toWards freeZe-thaW damage. 
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2 
When carbon absorbs air-entraining agents, the agents 
become less available to entrain tiny air bubbles in the con 
crete that give concrete its protection against freeZe-thaW 
conditions. Because the carbon content of ?y ash can vary 
Widely depending upon the fuel source and boiler-bum con 
ditions, some ?y ashes are better than others for use in con 
crete. 

Where ?y ash is used to fabricate concrete, the ?y-ash 
containing concrete is often made to be impervious to Water. 
As a result, Water is often unable to drain through the imper 
vious concrete to replenish the Water table, and the Water is 
directed to storm drains or retention ponds. This implies that 
traditional concrete can increase stormWater runoff. Simi 
larly, because impervious concrete may not alloW Water to 
seep directly through it into the ground, such concrete may 
increase chances of ?ooding and prevent urban trees and 
vegetation from having viable rooting space. 

In light of the aforementioned discussion, it Would be an 
improvement in the art to provide an environmentally favor 
able use for poZZolanic ashes, such as ?y ash, that Would 
otherWise be disposed of in land?lls or in large Waste con 
tainment facilities. Additionally, it Would be an improvement 
to provide concrete containing poZZolanic ashes, Wherein the 
concrete is pervious to Water. 

BRIEF SUMMARY OF THE INVENTION 

The invention is draWn to a concrete material that includes 
a solid, coarse aggregate material and a geopolymeriZed poZ 
Zolanic ash binder. The solid aggregate and binder may com 
prise recycled materials. Pervious concretes made entirely 
from recycled materials offer many signi?cant bene?ts to 
society. In particular, the described pervious concrete can be 
extremely durable. Additionally, the pervious concrete can 
cost less to maintain, offer superior performance for removal 
of groundWater contaminants, and require feWer environmen 
tally damaging constituents than certain competing materials, 
such as concretes Which contain relatively large amounts of 
Portland cement. 
The pervious concrete described herein may be used in 

numerous applications, such as in roads, parking lots, drive 
Ways, sideWalks, pre-cast concrete shapes (e.g., pavers, 
bricks, blocks, stones, tiles, panels, Walls, or any other pre 
cast structure that may bene?t from Water drainage). In one 
embodiment, the pervious concrete utiliZes a geopolymeriZed 
poZZolanic ash as the cementitious binder material and a solid 
coarse aggregate that is made of recycled material. In one 
embodiment, using only these readily-available recycled 
materials With no Portland cement or virgin crushed stone 
provides an environment friendly or green Way to manufac 
ture the described pervious concrete. In other embodiments, 
reduced amounts of Portland cement may be used, hoWever, 
eliminating the use of Portland cement eliminates the envi 
ronmental cost associated With manufacturing Portland 
cement, including carbon dioxide emissions. 
The solid aggregate can comprise any material that is suit 

able for use in concrete and Which is capable of binding With 
the geopolymeriZed ?y ash binder to form the pervious con 
crete. In one implementation, the solid aggregate comprises 
crushed recycled concrete, Which can be made from unused 
freshly mixed concrete or from construction and demolition 
debris. In another implementation, the solid aggregate com 
prises recycled carpet. In still another implementation, the 
aggregate is made from bottom ash, slag, large area ?y ash, or 
from another aggregate material produced as a byproduct of 
coal combustion. 
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The solid aggregate can be any siZe and have any other 
suitable characteristic. In some cases, the aggregate is siZed to 
promote a void content betWeen about 5% and about 35% in 
the concrete. This void content may be enhanced and opti 
miZed by limiting or controlling the siZe and quantity of ?ne 
aggregate and/ or sand used in the pervious concrete. 

The poZZolanic ash can comprise a variety of coal-com 
bustion Waste products that geopolymeriZe When reacted With 
an alkaline activator and Water. Some examples of suitable 
poZZolanic ashes include, but are not limited to, ?y ash, spray 
dryer ash, bark ash, bottom ash, bottom slag, boiler slag, etc., 
and mixtures thereof. 

The alkaline activator has a pH that is su?iciently high to 
initiate a geopolymeriZation reaction With the poZZolanic ash. 
The alkaline activator may contain, Without limitation, a 
metal carbonate, a metal silicate, a metal aluminate, a metal 
sulfate, a metal hydroxide, and mixtures thereof. In one 
embodiment, the mixture comprises an alkali carbonate and 
an alkali hydroxide. While alkali metals are used in some 
embodiments because of their availability and cost, the 
described invention is not limited to alkali metals. Addition 
ally, the ingredients of the alkaline activator need not be 
specially manufactured or pure ingredients. Indeed, the alka 
line activator may be prepared using recycled byproducts of 
industrial processes. 

In the pervious concrete, the amount of poZZolanic ash, 
alkaline activator, and Water may be controlled to create a 
paste that forms a thick coating around the aggregate particu 
lates. Using su?icient paste to coat and bind the aggregate 
particulates together creates a system of highly permeable, 
interconnected voids that drains quickly. In some embodi 
ment, ?oW rates for Water through pervious concrete may be 
around 480 in/hr (0.34 cm/s, Which is 5 gal/ft2/min or 200 
L/m2/min), although they can be much higher. 

In some implementations, the pervious concrete includes a 
catalytic nano -material. Although the catalytic nano-material 
can perform several functions, the nano-material is often 
selected to catalyZe the oxidation of organic pollutants that 
contact the pervious concrete. Examples of suitable catalytic 
nano -materials include, but are not limited to, titanium diox 
ide, magnesium oxide, and mixtures thereof. The catalytic 
nano-material may be in an amorphous phase or crystalline 
phases, such as rutile or anatase. The nano-material may also 
be a mixture of crystalline phases, in any combination. 

Reference throughout this speci?cation to features, advan 
tages, or similar language does not imply that all of the 
features and advantages that may be realiZed With the present 
invention should be or are in any single embodiment of the 
invention. Rather, language referring to the features and 
advantages is understood to mean that a speci?c feature, 
advantage, or characteristic described in connection With an 
embodiment is included in at least one embodiment of the 
present invention. Thus, discussion of the features and advan 
tages, and similar language, throughout this speci?cation 
may, but do not necessarily, refer to the same embodiment, 
but may refer to every embodiment. 

Furthermore, the described features, advantages, and char 
acteristics of the invention may be combined in any suitable 
manner in one or more embodiments. One skilled in the 

relevant art Will recogniZe that the invention may be practiced 
Without one or more of the speci?c features or advantages of 
a particular embodiment. In other instances, additional fea 
tures and advantages may be recogniZed in certain embodi 
ments that may not be present in all embodiments of the 
invention. 

These features and advantages of the present invention Will 
become more fully apparent from the folloWing description 
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4 
and appended claims, or may be learned by the practice of the 
invention as set forth hereinafter. 

BRIEF DESCRIPTION OF THE DRAWING 

In order that the manner in Which the above-recited and 
other features and advantages of the invention are obtained 
and Will be readily understood, a more particular description 
of the invention brie?y described above Will be rendered by 
reference to a speci?c representative embodiment thereof that 
is illustrated in the appended draWing. Understanding that the 
draWing depicts only a typical embodiment of the invention 
and is not therefore to be considered to be limiting of its 
scope, the invention Will be described and explained With 
additional speci?city and detail through the use of the accom 
panying draWing in Which: 

FIG. 1 illustrates a representative embodiment of a method 
for making a pervious concrete comprising a geopolymeriZed 
poZZolanic ash binder. 

DETAILED DESCRIPTION OF THE INVENTION 

Reference throughout this speci?cation to “one embodi 
ment,” “an embodiment,” or similar language means that a 
particular feature, structure, or characteristic described in 
connection With the embodiment is included in at least one 
embodiment of the present invention. Thus, appearances of 
the phrases “in one embodiment,” “in an embodiment,” and 
similar language throughout this speci?cation may, but do not 
necessarily, all refer to the same embodiment. 

Furthermore, the described features, structures, or charac 
teristics of the invention may be combined in any suitable 
manner in one or more embodiments. In the folloWing 
description, numerous speci?c details are provided, such as 
examples of suitable aggregates, poZZolanic ashes, activator 
solutions, etc., to provide a thorough understanding of 
embodiments of the invention. One having ordinary skill in 
the relevant art Will recogniZe, hoWever, that the invention 
may be practiced Without one or more of the speci?c details or 
method steps, or With other methods, components, materials, 
and so forth. In other instances, Well-knoWn structures, mate 
rials, or operations are not shoWn or described in detail to 
avoid obscuring aspects of the invention. 
The present invention relates to a pervious concrete. As 

used herein, the term concrete may refer to a material made by 
mixing a cementing material, such as a geopolymeriZed poZ 
Zolanic ash binder and/or a Portland cement, With an aggre 
gate and suf?cient Water to cause the cement to set and bind 
the mixture. Generally, the described pervious concrete is 
made from a mixture of a solid aggregate and a geopolymer 
iZed poZZolanic ash binder. This concrete tends to have a 
porous, open-cell structure that alloWs Water to readily pass 
through it. To provide a better understanding of the described 
pervious concrete, the coarse aggregate and geopolymeriZed 
poZZolanic ash are described beloW in more detail. 

With respect to the solid aggregate, the pervious concrete 
can comprise any suitable solid aggregate that is capable of 
binding With a geopolymeriZed poZZolanic ash binder to form 
a pervious concrete. Because a void content of the concrete 
can be enhanced by limiting or controlling the siZe and quan 
tity of ?ne aggregate used in the pervious concrete, in some 
embodiments, the aggregate is siZed to promote a void con 
tent of betWeen about 5% and about 35% in the cured concrete 
material. 
Some examples of suitable aggregates include crushed, 

freshly-mixed concrete; crushed, Waste concrete; aggregate 
from boiler slag, ?y ash, bottom ash, and/or another poZ 
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Zolanic ash made as a coal-combustion byproduct; recycled 
carpet; and mixtures thereof. In some embodiments, the 
aggregate is made from recycled materials. Indeed, in some 
instances, the aggregate is made from a recycled carpet that 
has been pelletiZed into solid pellets. In other instances, 
Where the aggregate comprises crushed concrete, the concrete 
is obtained from excess and unused, freshly-mixed concrete 
or from construction and demolition debris. Because the 
coarse aggregate can comprise readily-available recycled 
materials, in some embodiments, no virgin Portland cement 
or virgin crushed stone is required for the manufacture of the 
pervious concrete. By eliminating the use of Portland cement, 
the described pervious concrete also eliminates the environ 
mental cost associated With manufacturing Portland cement, 
including the carbon dioxide emissions that are associated 
With Portland cement. 

With respect to the geopolymeriZed poZZolanic ash binder, 
the binder comprises a poZZolanic ash that is mixed With a 
suf?cient quantity of an alkaline activator and Water to initiate 
a geopolymeriZation reaction. To provide a better understand 
ing of the geopolymeriZed poZZolanic ash binder, the p02 
Zolanic ash and alkaline activator are discussed beloW in more 
detail. 

The poZZolanic ash can comprise one or more of a variety 
of ?nely-divided mineral residues from the combustion of a 
solid fuel, Wherein the residues are capable of forming a 
cementitious compound. Generally, the poZZolanic ash com 
prises aluminum and silicon. For instance, the poZZolanic ash 
is typically made of silicon dioxide (“SiOZ”), aluminum 
oxide (“A1203”), and iron oxide (“Fe2O3”). Some non-limit 
ing examples of such poZZolanic ashes comprise ?y ash, 
spray dryer ash (“SD ”), bottom ash, bark ash, bottom slag, 
boiler slag, and mixtures thereof. In some embodiments, 
hoWever, the poZZolanic ash comprises ?y ash or SDA. 
Where the poZZolanic ash comprises ?y ash, the ?y ash can 

be obtained from any suitable source. For instance, the ?y ash 
can be collected from coal-buming poWer plants and from 
industrial boilers (e. g., boilers from paper/pulp producing 
industries). While the speci?c ingredients and concentration 
of ingredients in ?y ash vary depending on the poWer plant 
con?guration, boiler type, coal type, and upon other similar 
factors, ?y ash typically contains inorganic, incombustible 
matter that Was present in the coal or fuel and that is fused 
together during combustion into a glassy, part amorphous and 
part crystalline structure. As ?y ash is suspended in exhaust 
gases, it is often solidi?ed before being collected by electro 
static precipitators or by ?lter bags. Because the particles 
solidify While they are suspended in the exhaust gases, ?y ash 
particles are typically spherical in shape and range in siZe 
from about 0.5 pm to about 100 pm in diameter. 
Where the poZZolanic ash comprises ?y ash, the ?y ash can 

be of any quality that alloWs the ?y ash to geopolymeriZe 
When mixed With the alkaline activator (discussed beloW) and 
to form a concrete mixture When combined With the previ 
ously described aggregate. For example, the ?y ash can com 
prise a premium-quality, a standard-quality, and even a loW 
quality ?y ash, as are knoWn in the art. Indeed, because 
loW-quality ?y ash is typically inexpensive, as compared to 
premium-quality and standard-quality ?y ash, in some 
embodiments, loW-quality ?y ash may be desirable. 

Additionally, Where the poZZolanic ash comprises ?y ash, 
the ?y ash can be selected from any class of ?y ash that has 
poZZolanic properties. In one example, the poZZolanic ash is 
selected from class F and/or class C ?y ash. Indeed, in some 
embodiments, the poZZolanic ash comprises class C ?y ash, 
Which is often considered to have a higher level of poZZolanic 
activity than class F ?y ash. As used herein, the term class F 
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6 
?y ash may refer to a ?y ash that is produced by burning 
anthracite, bituminous coals, and/or similar compounds. 
Additionally, as used herein, the term class C ?y ash may refer 
to a ?y ash that is produced from the combustion of lignite, 
sub-bituminous coals, and/or other similar compounds. In 
some cases, class C ?y ash also contains signi?cant amounts 
(higher than 10%) of calcium oxide (“CaO”) or lime. Some 
additional characteristics of class F and class C ?y ash are 
designated beloW in Table 2. 

TABLE 2 

Chemical Requirements for Fly Ash Classi?cation 

Fly Ash Class 

Properties Class F Class C 

Silicon dioxide, aluminum oxide, 70.0 50.0 
iron oxide (SiO2 + A1203 + Fe2O3), 
min, % 
Sulfur trioxide (S03), max, % 5.0 5.0 
Moisture Content, max, % 3.0 3.0 
Loss on ignition, max, % 6.0 6.0 

Where the poZZolanic ash comprises SDA, the SDA may 
have any suitable characteristic. As used herein, the term SDA 
may refer to a byproduct produced by a dry sorbent that is 
injected into a ?ue stream, Which is typically upstream from 
the particulate control device (such as an electrostatic pre 
cipitator (ESP, a bag-house, and/ or a ?ue gas desulfuriZation 
(FGD) system. By Way of explanation, many coal-combus 
tion processes utiliZe pollution control systems to remove 
sulfur and nitrogen combustion products from the ?ue gas. 
For example, many FGD systems include Wet scrubbers, 
spray dry scrubbers, sorbent injectors, selective catalytic 
reactors (SCRs), and a combined sulfur oxide (SOX) and 
nitrogen oxide (NOX) process. FGD sorbents include, but are 
not limited to, lime, limestone, sodium-based compounds, 
and high-calcium coal ?y ash. Ammonia or urea can also be 
added to control the S03 concentration. One knoWn FGD 
system employs a dry sorbent injection process Where the 
S03 sorbent is a poWdered sodium sesquicarbonate that is 
bloWn into an air duct containing the ?ue gases. Sodium 
sesquicarbonate (systematic name trisodium hydrogendicar 
bonate, (Na3H(CO3)2)) is a double salt of sodium bicarbonate 
and sodium carbonate (NaHCO3.Na2CO3). The dihydrate 
(NaHCO3.Na2CO3.2H2O) occurs in nature as the mineral 
trona. Trona and/ or carbonate are commonly used in the dry 
sorbent injection process to control or remove sulfur combus 
tion products SO,C (e.g., S02 and/ or SO3), Which could other 
Wise result in a blue plume of smoke being emitted from the 
?ue. 

Continuing With the discussion of SDA, ?ue gases react 
With a poWdered FGD sorbent, such as trona, hydrated lime, 
or sodium carbonate to neutraliZe the sulfur oxides (SOX) 
present in the ?ue gases and to form safe byproducts. The 
byproducts and any excess trona poWder are typically 
removed from the ?ue gas stream using an ESP. The clean air 
is then discharged into the atmosphere through the exhaust 
stack. The material recovered in the ESP is knoWn as SDA and 
includes a mixture of ?y ash, reaction products, and/or 
reacted trona and SOX, as Well as unreacted trona. While the 
precise composition of SDA Will vary from one coal-com 
bustion plant to another, SDA predominantly contains ?y ash 
(about 70%) With its remaining components being the reac 
tion products of trona, sulfur oxides, and unreacted trona. 
Indeed, SDA typically comprises at least about 2.5 Wt. % 
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unreacted trona. For instance, some SDA samples contain at 
least about 10 Wt. % unreacted trona. 
No matter Which type of poZZolanic ash (e.g., ?y ash, SDA, 

bottom ash, etc.) is used to create the described pervious 
concrete, the poZZolanic ash may have any suitable amount of 
carbon that alloWs the poZZolanic ash to function as intended. 
Indeed, in some embodiments, the poZZolanic ash used to 
make the geopolymeriZed ash binder comprises less than 
about 50% carbon, by Weight. In other embodiments, the 
poZZolanic ash comprises less than about 20% carbon by 
Weight (e.g., betWeen about 1% and about 20% carbon). In yet 
other embodiments, the poZZolanic ash comprises less than 
about 15% carbon, by Weight. In still other embodiments, the 
poZZolanic ash comprises less than about 5% carbon, by 
Weight. 

Regarding the alkaline activator, the activator may com 
prise one or more of a variety of chemicals that have a su?i 
ciently high pH for, and Which are otherWise capable of, 
initiating a geopolymeriZation reaction When the activator (or 
a solution thereof) is reacted With the poZZolanic ash. More 
over, While one or more ingredients of the alkaline activator 
may comprise pure ingredients, in some embodiments, the 
alkaline activator comprises recycled byproducts of industrial 
processes. Some non-limiting examples of suitable ingredi 
ents of the alkaline activator can include a metal carbonate, a 
metal silicate, a metal aluminate, a metal sulfate, a metal 
hydroxide, and mixtures thereof. Traditional activators may 
include, but are not limited to sodium- or potassium-based 
alkaline solutions, such as potassium silicate, sodium alumi 
nate, etc. In some embodiments, alkali metals, such as sodium 
or potassium, are used because of their availability and cost. 
Other metals may also be used, including, but not limited to, 
alkaline earth metals, such as calcium or magnesium. That 
said, in some embodiments, the alkaline activator comprises 
an alkali carbonate, such as sodium carbonate (Na2CO3); an 
alkali hydroxide, such as sodium hydroxide (NaOH); or a 
mixture thereof. 

The aggregate, poZZolanic ash, and alkaline activator can 
be added together and mixed or otherWise combined in any 
suitable manner that forms the described pervious concrete. 
One representative embodiment of a suitable method 100 for 
forming the pervious concrete is illustrated in FIG. 1. Spe 
ci?cally, FIG. 1 shoWs the method 100 begins at 102 by 
providing the poZZolanic ash (e.g., ?y ash, SDA, and/or 
another suitable poZZolanic ash). 
At 104, the method 100 continues by providing the alkaline 

activator. In this portion of the method 100, any amount of 
activator that is capable of initiating a geopolymeriZation 
reaction When combined With the poZZolanic ash and Water 
may be added to the poZZolanic ash. In some embodiments, 
for instance, betWeen about 1 and about 20 parts of the alka 
line activator are added for every 100 parts of the poZZolanic 
ash, by dry Weight. In other embodiments, betWeen about 2 
and about 12 parts of the alkaline activator are added for every 
100 parts of the poZZolanic ash, by dry Weight. In still other 
embodiments, hoWever, betWeen about 3 and about 10 parts 
of the alkaline activator are added for every 100 parts of the 
poZZolanic ash, by dry Weight. For instance, for every 100 
grams of poZZolanic ash, 1 gram of NaOH and 2.5 grams of 
NaZCO3 can be added to the ash to initiate the geopolymer 
iZation reaction. 

At 106, FIG. 1 shoWs the method 100 continues by provid 
ing Water. Any amount of Water that alloWs the poZZolanic 
ash, the alkaline activator, and the Water to be mixed as a 
homogenous solution may be used to form a paste-like binder 
slurry (“binder paste”). HoWever, because concrete strength 
often decreases as the amount of Water added to the mix 
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increases and because most if not all of the Water added to 
poZZolanic ash needs to be evaporated to form the pervious 
concrete, care is taken to minimiZe the amount of Water 
added. Thus, While Water can be added to the poZZolanic ash 
(e. g., by being added to the activator and then to the ash and/ or 
by being added directly to the ash) to form a solution in Which 
only about 1% of the solution, by Weight, comprises solid 
materials (e.g., the poZZolanic ash), less Water is added to the 
ash. In some embodiments, enough Water is added to the 
poZZolanic ash to ensure that solid materials (e. g., poZZolanic 
ash) account for more than about 20% of the Weight of the 
solution. In still other embodiments, only enough Water is 
added to the poZZolanic ash to alloW at least about 40% of the 
solution, by Weight, to comprise solid materials. In still other 
embodiments, only enough Water is added to ensure that 
betWeen about 60% and about 80% of the solution comprises 
solid materials. 
As the alkaline activator and Water are added to and mixed 

With the poZZolanic ash, the geopolymeriZation reaction 
begins. Speci?cally, geopolymeriZation occurs through the 
chemical dissolution of silica and alumina-based oxides 
Within the poZZolanic ash. This dissolution occurs With the 
addition of the alkaline activator, folloWed by the subsequent 
recondensation of various aluminosilicate oxides, Which 
yield polymeric Si4OiAliO bonds. Geopolymer materi 
als are three dimensional aluminosilicate netWorks that form 
inorganic mineral polymers, Which contain a variety of amor 
phous and semi-crystalline phases. As used herein, the term 
geopolymer may represent a broad class of materials charac 
teriZed by AliSi repeating units. Some examples of such 
repeating units include, but are not limited to, repeating units 
comprising poly(sialate) (iSiiOiAlADi) repeating 
units, poly(sialate-siloxo) (iSi4OiAl4OiSi4Oi) 
repeating units, and poly(sialate-disoloxo) (iSiiOiAli 
OiSi4OiSi4Oi) repeating units. 

Returning back to FIG. 1, the method 100 continues at 108 
by providing the coarse aggregate. While the coarse aggre 
gate and the binder paste comprising the poZZolanic ash and 
alkaline activator can be added together in any suitable man 
ner, in some embodiments, the binder paste is added to the 
aggregate. The amount of binder paste added to the aggregate 
is may be controlled so that a thick coating of the binder paste 
around the aggregate particulates is obtained. Using suf?cient 
paste to coat and bind the aggregate particulates together 
creates the system of highly permeable, interconnected voids 
that alloWs the described pervious concrete to drain quickly. 

At this point in the method or at any other suitable point, 
FIG. 1, at 110, shoWs the method 100 continues by optionally 
adding one or more additional ingredients to be mixed With 
the aggregate and binder paste. In one example, sand is added 
to the mixture. HoWever, because sand tends to reduce the 
void content of the ?nished concrete, in some embodiments, 
only enough sand is added to ensure that the void content of 
the ?nished concrete is betWeen about 5% and about 35% 
(e.g., betWeen about 10% and about 25% or betWeen about 
15% and about 20%), depending on the desired use for the 
concrete. It Will be appreciated by those of skill in the art that 
the steps of providing and mixing individual elements may be 
accomplished in a variety of orders and still achieve the 
teachings of the invention. 

In another example, While the pervious concrete need not 
include any Portland cement, in some embodiments, Portland 
cement is added to the concrete mixture until the ratio of 
Portland cement to poZZolanic ash in the cement mixture is 
betWeen about 99:1 and about 1:99. In other embodiments, 
the ?nal ratio of Portland cement to poZZolanic ash in the 
mixture is less than about 9:1. In still other embodiments, 
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Portland cement is added to the concrete mixture until the 
ratio of Portland cement to poZZolanic ash in the mixture is 
less than about 4:1. In some embodiments, the ratio of Port 
land cement to poZZolanic ash in the cement mixture is less 
than about 2.33: 1 . In other embodiments, the ratio of Portland 
cement to poZZolanic ash in the cement mixture is less than 
about 1.5:1. In still other embodiments, the ratio of Portland 
cement to poZZolanic ash in the cement mixture is less than 
about 1:1 (e.g., less than about 1:1.5, less than about 1:2.33, 
less than about 1:4, or less than about 1:9). 

In still another example, ingredients that are typically 
added to concrete mixtures can be added to the pervious 
concrete mixture, as desired. Some non-limiting examples of 
such ingredients include plasticiZers and AEAs. 

In yet another example, ingredients that provide enhanced 
mechanisms for pollutant ?ltration and/or destruction are 
optionally added to the pervious concrete mixture. In some 
embodiments, these ingredients for pollutant ?ltration and/or 
destruction comprise one or more catalytic nano-materials 
that are capable of catalyZing the oxidation of organic pollut 
ants (e.g., oil). Such nano-materials may function in any 
suitable manner. For instance, some nano-materials may 
become excited and produce radicals When exposed to ultra 
violet light (e.g., from sunlight). In such instances, the radi 
cals can be capable of organic reactivity that alloWs them to 
breakdown contaminants to harmless materials. 

The nano-materials may be in the form of nanocrystalline 
metallic oxides and/or metallic peroxides. Additionally, these 
nano-materials may be in an amorphous phase or crystalline 
phases, such as rutile or anatase. Furthermore, the nano 
materials may be a mix of crystalline phases, in any combi 
nation. Some non-limiting examples of these materials 
include titanium dioxide (i.e., nano-titanium dioxide), mag 
nesium peroxide, magnesium oxide (i.e., nano-magnesium 
oxide), nano-alumina, platiniZed alumina, and nano-calcium 
oxide. The nano-materials may also be a combination of 
several different mixtures of nano-materials, including, but 
not limited to, a mixture of nano-alumina and nano-titanium 
dioxide. 

During or after the addition of the various ingredients to the 
concrete mixture, at 112, FIG. 1 shoWs the method 100 
includes mixing or otherWise combining the ingredients of 
the concrete mixture together. 

Once the ingredients of the concrete mixture are mixed 
suf?ciently, FIG. 1, at 114, shoWs the mixture is poured, 
pumped, or otherWise placed in a desired location. In some 
embodiments, the pervious concrete mixture is pre-cast and 
formed (e. g., poured into molds and/or cut) as pavers. As used 
herein, the term paver and variations thereof may refer to a 
pre-cast concrete shape (e.g., a slab, brick, block, tile, Wall, 
stone, panel, etc., or other pre-cast concrete structure). In 
other embodiments, hoWever, the pervious concrete is poured 
as a geotechnical ?ll (replacing unstable soil to reduce sub 
sistence of roadWays, bridges, and other structures); as a 
back?ll; as an annular grouting; as a shock absorber in earth 
quake Zones; as a footing in underground structures to reduce 
loads; as a void ?ller in silos, abandoned mines, underground 
tanks, pipelines, etc.; as a hydrostatic-pressure reducer for 
retaining Walls; as a pavement for roads, parking lots, drive 
Ways, sideWalks, patios, etc.; or for any other suitable pur 
pose. 

At 116, FIG. 1 shoWs the method 100 continues as the 
pervious concrete is alloWed to cure. This curing process can 
be accomplished in any suitable manner, including, but not 
limited to, curing the pervious concrete in air, at an ambient 
temperature, curing the concrete With a lime-Water solution, 
and/ or exposing the concrete to a supplemental heat source. 

At 118, FIG. 1 shoWs the pervious concrete is optionally 
processed. Indeed, the concrete can be processed in any suit 
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10 
able manner and at any suitable time during the method 100. 
Some non-limiting examples of suitable processing tech 
niques that can be performed on the concrete include heat 
treating, moisture curing, coloring, tumbling, texturiZing, or 
otherWise treating the concrete to obtain a desired character 
istic. 
The described method 100 may be modi?ed in any suitable 

manner. For example, the various aspects and elements of the 
method 1 00 can be removed, added to, and/ or be reordered in 
any suitable manner. In one example, instead of providing the 
poZZolanic ash before providing the alkaline activator and the 
Water, the Water and/ or alkaline activator are provided before 
the poZZolanic ash. Accordingly, in this example, the p02 
Zolanic ash is added to the Water and/ or the alkaline activator. 

In another example, Where SDA is used as the poZZolanic 
ash, a smaller amount of one or more ingredients of the 
alkaline activator can be used to form a geopolymeriZed ash 
from SDA than Would be possible Where the geopolymeriZed 
ash is formed With another ash, such as class C ?y ash or class 
F ?y ash, Which are both substantially free from unreacted 
trona. For instance, because unreacted trona in the SDA con 
tains carbonate compounds that can help initiate a geopoly 
meriZation reaction, the alkaline activator used to geopoly 
meriZe the SDA may comprise less alkali carbonate, such as 
sodium carbonate (Na2CO3), than Would be required for a 
geopolymeriZation reaction involving class C or class F ?y 
ash. It should be noted that While the use of SDA as the 
poZZolanic ash may reduce the amount of alkali carbonate 
required to cause the geopolymeriZation reaction, the amount 
of alkali hydroxide, such as sodium hydroxide (N aOH), used 
to initiate the geopolymeriZation reaction of SDA may be 
substantially equal to the amount of alkali hydroxide that 
Would required to initiate a geopolymeriZation reaction of an 
equal amount of another poZZolanic ash that is substantially 
free from unreacted trona (e.g., class C or F ?y ash). 

In yet another example, because the type of activator, pH 
level, Water content, particle siZe, calcium content, amount 
and type of contaminants, and crystallinity of the poZZolanic 
ash all have strong effects on the ?nal structure and physical 
characteristics of a pervious concrete structure that comprises 
little or no Portland cement, each of these characteristics can 
be varied to obtain desired characteristics for speci?c appli 
cations. 

In addition to the aforementioned bene?cial characteristics 
of the described pervious concrete, the concrete may have a 
variety of other bene?cial and advantageous characteristics. 
In one example, the pervious concrete alloWs for air and/or 
Water to ?oW through the concrete’ s matrix. In some embodi 
ments, the pervious concrete alloWs Water to ?oW through the 
concrete at a rate that is typically around 480 inches/hour 
(0.34 centimeters/ second, Which is about 5 gallons/foot2/ 
minute or about 200 liters/meter2/minute). In other embodi 
ments, the ?oW rate is much higher. 
Where the pervious concrete alloWs Water to drain through 

the concrete’s matrix to the underlying soil, the pervious 
concrete may provide several environmental and/or non-en 
vironmental advantages. For instance, the pervious concrete 
can alloW rain and runoff to recharge the Water table beloW the 
concrete. Additionally, the pervious concrete can help to 
reduce storm runoff, Which might otherWise contaminate the 
WaterWays and impact storm Water systems. The pervious 
concrete may also reduce the chances of ?ooding by dispers 
ing surface Water into the ground. Moreover, because rain and 
other sources of Water can seep through the pervious concrete 
directly into the ground, the pervious concrete can provide 
urban trees and vegetation With viable root space. Further 
more, the pervious concrete may make driving safer due to 
better tire skid resistance. The pervious concrete may also 
reduce land development infrastructure costs by reducing or 
eliminating storm drain requirements or Water retention 
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facilities. Additionally, pervious concretes/pavements Within 
the scope of the present invention may contain advanced 
materials designed to help biodegrade oils or other organics 
present from cars or trucks. 

In another example, the pervious concrete can help to 5 
reduce or ?lter pollutants in Water that ?oWs through the 
concrete4even Without the presence of the described nano 
materials. Typically, the most common urban stormWaterpol 
lutants from traditional non-pervious pavements include 
sediment, nutrients, oil and grease, bacteria, and heavy met 
als. Without being bound by theory, it is believed that metals, 
such as cadmium and lead that can be released by automobile 
corrosion and mechanical Wear, are captured in the pervious 
concrete’s voids along With minute sediment particles, to 
Which the ions are frequently attached. 

Capturing the metals prevents them from Washing doWn 
stream and accumulating in the environment. It is further 
theoriZed that naturally occurring micro-organisms may col 
lect in the concrete’s voids Where the micro-organisms may 
digest oil or other organic pollutants that may be leaked from 
automobiles. These pollutants are believed to be broken doWn 
into carbon dioxide and Water. Thus, the pollutants can be 
mitigated prior to making it into the soil or groundWater 
system. In other Words, the described pervious concrete can 
combine pavement function With stormWater management in 
a single structure. Accordingly, the pervious concrete can be 
less expensive than “traditional systems” involving impervi 
ous pavements combined With separate stormWater manage 
ment facilities. 

In yet another example of a bene?t of the pervious con 
crete, the concrete can provide an environmentally-friendly 
method for disposing of Waste materials, such as poZZolanic 
ashes; Waste concrete; construction debris; recycled carpets; 
highly alkaline Waste chemicals, Which Would otherWise be 
neutraliZed and land?lled; etc. Similarly, the pervious con 
crete can be produced With only moderate energy require 
ments. 

In a ?nal example, it is theoriZed that the geopolymeriZa 
tion reaction can form a geopolymer around carbon in the 
poZZolanic ash. Accordingly, the carbon in the ash can be 
prevented from absorbing expensive AEAs added to the con 
crete. 

The folloWing examples are given to illustrate various 
embodiments Within the scope of the present invention. These 
are given by Way of example only, and it is understoodthat the 
folloWing examples are not comprehensive or exhaustive of 
the many types of embodiments of the present invention that 
can be prepared in accordance With the present invention. 
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TABLE 3 

Compression Test Results of Various Non-geopolymerized Concrete 
Samples. 

Sample 
Name 

Compression Test 
Ratio of Portland Cement (PC) to Fly Ash Results in (MPa) 

Sample A 
Sample B 
Sample C 
Sample D 
Sample E 

1:0 (e.g., 100% PC) 
2.33:1 (e.g., 70% PC and 30% Fly Ash) 
1:1 (e.g., 50% PC and 50% FlyAsh) 
0:1 (e.g.,100% Fly Ash) 
0:1 (e.g., 100% Geopolymerized Fly Ash) 

~24 
~3 8 
~33 
~0.2 

~20 

12 
In a ?rst hypothetical example, Table 3 shoWs that 5 

samples of 50 mm concrete cubes comprising different con 
centrations of Portland cement and/ or a ?y ash are made by 
mixing the Portland cement, sand, and/or ?y ash together 
With Water and a conventional plasticiZer. Standard mortar 
casting procedures are used. Each mixture is thoroughly 
mixed for 5 minutes, cast into the 50 mm cube molds, and then 
be alloWed to cure for 7 days in a lime Water solution. It is 
important to note that in this example, the Samples A through 
D Would are cured, but the poZZolanic ash in the samples 
Would not be geopolymeriZed. 
Once the Samples A through D are cured, compression 

tests are recorded for each. Table 3 shoWs that in Sample B, a 
concrete cube having a ratio of about 2.33 parts Portland 
cement for every 1 of part ?y ash, the compressive strength of 
the cube is expected to increase relative to the cube in Sample 
A, Which contains Portland cement, but not ?y ash. Addition 
ally, Table 3 shoWs that in Sample D, a concrete cube that 
comprises ?y ash but not Portland cement, the compressive 
strength of the cube is expected to decrease signi?cantly 
relative to all other samples. 

Table 3 illustrates that a ?fth sample, Sample E, comprises 
a geopolymeriZed concrete cube made from 100% recycled 
?y ash. In this case, a solution of sodium silicate and sodium 
hydroxide is used as the alkaline activator for the geopoly 
meriZation reaction. Table 3 shoWs that after Sample E is 
cured, the compressive strength of the cube in Sample E is 
expected to increase signi?cantly (perhaps up to 20 MPa) 
relative to the 100% ?y ash sample shoWn in Sample D (0.2 
MPa). This shoWs that the geopolymer concrete binders are 
superior in strength relative to certain samples that are not 
geopolymeriZed. 

Example 2 

In a second example, 50 mm concrete cubes of samples 
comprising Portland cement and bark ash at a ratio of about 
2.33 parts Portland cement for about every 1 part of bark ash 
are prepared. The bark ash is mixed With Portland cement, 
sand, Water, and a plasticiZer. The bark ash is then geopoly 
meriZed. Table 4 provides four different bark ash samples 
With possible surface area siZes and particle siZe ranges that 
could be obtained from testing the samples. 

TABLE 4 

Characteristics of Geopolymerized Bark-ash-containing Cement Samples 

Sample Possible Surface Possible Particle 
Name Activator Solution Area (mZ/g) ranges Size (pm) ranges 

MS-DC Na2CO3 + NaOH 25-50 210-250 
MS-BH Na2CO3 + NaOH 40-70 5-25 
W-DC Na2CO3 + NaOH 30-45 40-70 
W-Precip Na2CO3 + NaOH 100-120 100- 120 

It is anticipated that compression testing of the 4 bark ash 
samples in Table 4 could shoW that the 4 samples in that table 
have compressive strengths that range from about 1 MPa to 
about 20 MPa and possibly higher depending on the sample 
and the percentage of composition materials. These particular 
mix designs could be used as a Portland cement substitute. 
Additionally, to reduce costs and bene?ts to the environment, 
the bark ash in these samples could be obtained from several 
different pulp and paper mills located in the US. 

While speci?c embodiments and examples of the present 
invention have been illustrated and described, numerous 
modi?cations come to mind Without signi?cantly departing 
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from the spirit of the invention, and the scope of protection is 
only limited by the scope of the accompanying claims. 

The invention claimed is: 
1. A pervious concrete material comprising: 
a solid aggregate material; and 
a geopolymeriZed poZZolanic ash binder present in an 

amount su?icient to bind the aggregate material into a 
solid mass containing a void content of betWeen about 
5% and about 35%. 

2. The pervious concrete material according to claim 1, 
Wherein the geopolymeriZed poZZolanic ash binder com 
prises a poZZolanic ash selected from the group consisting of 
?y ash, bark ash, bottom ash, spray dryer ash, bottom slag, 
boiler slag, and mixtures thereof. 

3. The pervious concrete material according to claim 2, 
Wherein the poZZolanic ash comprises ?y ash. 

4. The pervious concrete material according to claim 1, 
Wherein the solid mass is in the form of a pervious pre-cast 
concrete shape. 

5. The pervious concrete material according to claim 1, 
Wherein the solid mass is in the form of a pervious pavement 
surface. 

6. The pervious concrete material according to claim 1, 
Wherein the solid aggregate comprises recycled concrete. 

7. The pervious concrete material according to claim 1, 
Wherein the solid aggregate comprises recycled carpet. 

8. The pervious concrete material according to claim 1, 
Wherein the solid aggregate comprises recycled aggregate 
made from coal-combustion byproducts. 

9. The pervious concrete material according to claim 1, 
Wherein a ratio of Portland cement to a poZZolanic ash in the 
geopolymeriZed poZZolanic ashbinder is less than about 2.33: 
1. 

10. The pervious concrete material according to claim 1, 
Wherein a ratio of Portland cement to a poZZolanic ash in the 
geopolymeriZed poZZolanic ash binder is less than about 1:1. 

11. The pervious concrete material according to claim 1, 
Wherein no Portland cement is used. 

12. The pervious concrete material according to claim 1, 
further comprising a catalytic nano-material selected to cata 
lyZe an oxidation of organic pollutants. 

13. The pervious concrete material according to claim 12, 
Wherein the catalytic nano-material comprises a substance 
selected from the group consisting of titanium dioxide, mag 
nesium peroxide, magnesium oxide, nano-alumina, plati 
niZed alumina, nano-calcium oxide, and mixtures thereof. 

14. A pervious concrete material comprising: 
a solid aggregate material; and 
a geopolymeriZed poZZolanic ash binder formed from a 

poZZolanic ash and a suf?cient quantity of an alkaline 
activator and Water to initiate a geopolymeriZation reac 

tion; 
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Wherein the geopolymeriZed poZZolanic ash binder is 

present in an amount su?icient to bind the aggregate 
material into a solid mass containing a void content of 
betWeen about 5% and about 35%; and 

Wherein a ratio of Portland cement to the poZZolanic ash in 
the pervious concrete is less than about 2.33:1. 

15. The pervious concrete material of claim 14, Wherein the 
solid aggregate comprises a material selected from the group 
consisting of recycled concrete, recycled carpet, recycled 
aggregate made from coal-combustion byproducts, and com 
binations thereof. 

1 6. The pervious concrete material of claim 14, Wherein the 
solid mass is in the form of a pervious pre-cast concrete shape. 

17. The pervious concrete material of claim 14, Wherein the 
suf?cient quantity of the alkaline activator comprises 
betWeen about 0.5 and about 20 grams of the alkaline activa 
tor for every 100 grams of the poZZolanic ash. 

18. The pervious concrete material of claim 14, further 
comprising a catalytic nano-material selected from the group 
consisting of titanium dioxide, magnesium peroxide, magne 
sium oxide, nano-alumina, platiniZed alumina, nano-calcium 
oxide, and mixtures thereof. 

19. A method for forming a pervious concrete, the method 
comprising: 

providing a solid aggregate material; and 
providing a geopolymeriZed poZZolanic ash binder present 

in an amount su?icient to bind the aggregate material 
into a solid mass containing a void content of betWeen 
about 5% and about 35%. 

20. The method of claim 19, Wherein a ratio of Portland 
cement to a poZZolanic ash in the geopolymeriZed poZZolanic 
ash binder is less than about 1:1. 

21. The method of claim 19, further comprising providing 
a catalytic nano-material selected to catalyZe an oxidation of 
organic pollutants. 

22. The method of claim 19, Wherein the solid aggregate 
comprises a material selected from the group consisting of a 
recycled concrete, a recycled carpet, a recycled aggregate 
made from coal-combustion byproducts, and combinations 
thereof. 

23. A pervious concrete material comprising: 
a solid aggregate material; and 
a binder comprising geopolymeriZed poZZolanic ash 

formed from a poZZolanic ash and a su?icient quantity of 
an alkaline activator and Water to initiate a geopolymer 
iZation reaction, Wherein the binder contains no Portland 
cement; and 

Wherein the geopolymeriZed poZZolanic ash binder is 
present in an amount su?icient to bind the aggregate 
material into a solid mass containing a void content of 
betWeen about 5% and about 35%. 

* * * * * 


